Abstract: This research evaluates the operational heating and cooling energy consumption of cross-laminated timber (CLT) office buildings in China. The evaluations involve a comparison of the energy consumption of a reference RC structure and CLT system office buildings. Computational simulation results are based on IES-VE 2019 and show that the estimated heating energy saving ratio of CLT buildings in Harbin, Beijing, Shanghai, and Kunming to the reference structure are 11.97%, 22.11%, 30.94%, and 23.30% respectively. However, the CLT buildings consume more energy for cooling in the summer. The results of the research show significantly higher heating energy reductions for CLT buildings in the Cold Region and Severe Cold Regions of China. Thus, the application of the CLT system is better suited to northern China than southern China. The results of the research can be used in further assessment of the use of CLT systems in different climatic regions in China.
Introduction
Energy demand has increased significantly across the globe over the last decades and the building industry is a notable contributor to this increased energy consumption [1] . Energy used in the building industry accounts for approximately 33% of final energy demand and one-third of energy-related CO 2 emissions across the globe [2] . 23% of global primary energy and 30% of global electricity are required for activities related to the building industry [3] . The International Energy Agency (IEA) reports that energy demand in the building industry would grow by around 50% in 2050 in comparison to 2013 if there are no additional controls applied [4] . Urge-Vorsatz also suggests that energy consumption in existing buildings will grow by 110% in 2050 when compared with 2013. Increased energy consumption has led to an increase in the combustion of the fossil fuels, which directly increases Green House Gas (GHG) emissions. These GHG have an impact on climate change and contribute to global warming.
When considering this together with the significant increase in energy consumption by the global building industry, GHG emissions from buildings will increase by over 200% from 2013 to 2033 if nothing is done [5] . It is clear that decision-makers must focus on emissions from the building sector in order to meet GHG reduction targets, and this should be the cornerstone of every national climate change strategy [5] .
Energy Consumption and Carbon Emissions in the Building Sector Worldwide
Energy use in the building industry contributes to a large proportion of overall energy use in developed countries. Building energy consumption in the EU was 37% of final energy in 2004, and pointed out that high thermal and air tightness were crucial technologies to achieve a NZEB standard [16] . Hamdy et al. put forward a computational method with six comparison criteria that compared performance of seven commonly-used multi-objective evolutionary optimization algorithms in solving the design problem of the nearly zero energy building [17] .
Energy Consumption of Building Industries in China
In 2009, China became the largest energy consumer in the world [13] . One of the most significant contributors to this energy consumption was the urbanization process in China. The total built area in China increased from 35.2 billion m 2 in 2000 to 63.6 billion m 2 in 2015, representing an increase in the urban area of both residential and commercial buildings of over 200% in this period. This rapid process of urbanization in China resulting in similar growth in the energy demands of the building industry [18] . The energy consumption of the building industry was 27.5% of total energy consumption in China in 2009 [19] . In 2015, the operational energy of buildings exceeded 857 million tons of coal equivalent (TCE) which represents 20% of the total energy consumption in China in that year [1] . Building energy consumption increased by a factor of 1.7 in 2014 from the level in China in 2000 [20] and this energy consumption is estimated to increase further and to reach 35% of the total energy consumption in China by 2020 [21] .
In China, energy consumption from public buildings is 341 TCE, accounting for 40% of the energy consumption of civil buildings although these buildings occupy just 18% of the total built area. This presents a great opportunity for energy conservation to improve the energy performance of existing buildings, particularly public buildings [1] . In 2014, the Building Energy Research Centre in Tsinghua University (THUBERC) reported that the energy use of China's public and commercial (P&C) buildings accounted for 28.7% of total building energy use. The increase in floor area and energy demand by large-scale buildings results in substantial growth of energy consumption by P&C buildings [18] . Minda indicates that the energy intensity of commercial buildings in China increased by approximately four times more than that of residential buildings from 2000 to 2015 [19] .
THUBERC also reported that the energy consumption in office buildings is approximately 25% of that of the non-domestic building sector in China which is notably higher than ratio for office buildings in the UK and the USA [20] . This is due to the rapid urbanization in China accompanied by a rapid increase in the area of office buildings due to the economic growth. The floor area ratio of office buildings to other building types in China is different from that in the UK and the USA.
THUBERC states that office developments have grown rapidly, with a total area of 890 million m 2 at the end of 2007, accounting for 17.1% of the total area of public buildings and 24.1% of the total electricity consumption in public buildings. From 2001 to 2015, the area of new buildings is over 15 billion m 2 every year. The area of new residential buildings accounts for 64% of new buildings and commercial buildings account for 36%, with office buildings taking the largest proportion of the latter [21] . Until 2016, the number of new office buildings was increasing constantly. In addition, air-condition installations and the utilization ratio in office buildings are much higher than in residential buildings because of the higher thermal comfort levels required and the increasing demand for environmental comfort [22] . In 2009, the existing stock of Chinese urban office buildings was 6.1 billion m 2 , an increase of 38.64% over 1994 [23] . As the energy consumption in office buildings is a major component of building energy consumption, the MOHURD has focused on this issue since 2009 and promulgated the Energy Conservation Law and Civil Building Energy Conservation Regulations in that year [24] . The regulation is committed to improve the energy efficiency levels of office buildings by 50% over the level in 2000 [24] .
Cross Laminated Timber (CLT) and Its Development as a Sustainable Material
With increasing global concern about energy consumption in the building industry, timber-based buildings are becoming more sought after as a type of sustainable building. Unlike most conventional building materials, timber has four major advantages that make it a superior building material: First, of all, since wood is a sustainable and renewable material, timber products generate less pollution [25] . Secondly, timber is a natural material which absorbs CO 2 as trees grew. When timber is used in building construction, the absorbed CO2 is sequestered from the environment. This carbon sequestration property enables this building material to have a lower environmental impact in Life Cycle Assessment (LCA) [26] . Thirdly, most modern timber buildings consist of prefabricated building components that are manufactured in factories [27] . This prefabrication process has shorter on-site construction periods and better control of energy consumption during the construction phase [27] . Fourthly, timber buildings are more lightweight and flexible than steel, concrete and masonry buildings [28] [29] [30] . Timber buildings weigh 50% less than concrete constructions [31] . As timber has a high strength-to-weight ratio [25] , the use of timber can reduce the structural weight of buildings and therefore reduce the structural expense of buildings in seismic-prone areas [32] .
1.3.1. History and Basic Information of CLT As a novel material on the building market, cross-laminated timber (CLT) was first produced in Central Europe in the 1900s [33] . The CLT patent was first registered in 1985 in France, and was propagated widely in the 1990s in Germany and Austria [34] , but other European countries did not appear to take it up [25] . Although lacking detailed regulation, the material was utilized in several new applications in architecture and structural engineering with the development of CLT structural technology [35] . Following the widespread use of CLT in the building industry over the last decade, the European Cooperation in Science and Technology (COST) published design codes for buildings with CLT structures in 2018 [33] .
CLT is composed of odd number staggered wood layers (usually three, five or seven layers) (Figure 1 ), for the purpose of achieving structural stability by resisting out of plane loads, with different layers of timber boards are placed in different directions [36] . Due to a lack of unified product standards, CLT panels are produced in various dimensions by different manufacturers. The thickness of a CLT panel can be up to 500 mm. Typical widths are 600, 1200, 2400, and 3000 mm and lengths are typically 18,000 mm or even longer depending on the building project [37] . Due to their high mechanical performance, CLT panels can be used as structural elements in buildings such as load bearing walls, floors, and roofs, and non-load bearing partitions [38] . As the majority of the CLT panels are prefabricated in factories, onsite construction can be completed within 3 to 4 days in some cases [39] . 
CLT as a Sustainable Building Material
The capital advantage of the CLT construction system is the low environmental impact of the material. In comparison with conventional building materials, CLT is a less energy-intensive construction material. Selamawit et al indicates that the increased usage of multi-layer timber construction may significantly reduce the environmental impact of buildings during their life cycle [40] . Separate research in New Zealand shows that the environment impact of a residential building with a light wooden structure is much less than one with concrete structures. Over the life cycle of the building the total cost of the house with the light wooden construction is 11% [41] . At the end of 20th century, Suzuki et al revealed that the energy consumption of a multi-family house with a concrete structure is around 8-10 GJ/m 2 in comparison with approximately 3 GJ/m 2 for a wooden structure and 4.5 GJ/m 2 for a light-weight steel structure. Research also shows great potential for CO 2 reduction achievable by wood structure buildings. The CO 2 emissions of houses with a concrete structure are 850 kg/m 2 , compared with 250 kg/m 2 for wooden structures and 450 kg/m 2 for light-weight steel structures [42] . Zabalza Bribián shows that one cubic meter laminated wood can absorb 582 kg CO 2 in consideration of the reuse of the material. The absorbed atmospheric CO 2 is locked in the body of the timber structure. This data can be compared with the CO 2 emissions by concrete (458 kg/m 3 ) and steel (12.087 kg/m 3 ) [43] . Upton et al reveal that in the US, the energy consumption of wooden construction is 15-16% less than that of steel or concrete construction, without taking into account heating or cooling energy. The GHG emission of a wood structure is 20 to 50% lower than that of steel or concrete construction over a 100-year life cycle [44] . Hildebrandt et al analyze the future development of timber constructions and related GHG effects in the EU [45] . Their research shows that residential buildings with CLT structures have better material efficiency than conventional building types [45] . The increased use of CLT can lower GHG emissions and increase carbon storage in the building stock [45] . Research by Guo et al. compares the operational energy use of a reference residential building with structures in reinforced concrete and CLT in 31 cities in China. By replacing the concrete by CLT, the energy consumption of the reference building becomes 29.4% lower than that of the conventional structure. A 24.6% reduction in carbon emissions during the operational stage can be achieved when all concrete structures are replaced by CLT [46] .
However, CLT construction also has some disadvantages as an energy efficient building material. Due to is low thermal mass and low U values, there is a higher possibility of summer overheating when used instead of conventional materials [47] . Dodoo's research in Sweden found a higher overheating risk from timber-frame buildings than from concrete-frame buildings in the same climate conditions. This overheating in the building could not be remedied by solar shading or ventilation [48] . Lightweight timber construction is more suitable for regions with milder summer temperatures rather than hot climates. It should be encouraged that the material of the lightweight construction is characterized by high thermal mass, high thermal effectivity [49] . In addition, compared to the lightweight wood construction, CLT system is not efficient enough to carry the lateral forces and to dissipate in seismic activity due to its heavier weight. Specific systems need to be set up when designing the CLT constructions. Simone et al. made a study on the static and dynamic seismic elastic analysis of light timber-frame and CLT multi-story buildings with UNITN model and put forward three methods (VTM, VNA and CAN) for the designers to promote the structure design [50] . Fragiacomo et al. studied on seismic analysis of multi-story CLT buildings and revealed the importance of modeling the flexibility of the connections between the upper and lower panels, which is often neglected by designers and would lead to underestimation of the building vibration period [51] .
Applications of CLT in China
The Ministry of Housing and Urban-Rural Development of China (MOHURD) announced the promotion of the application of energy-saving materials in newly built buildings in 2009 [24] . This included strengthening of the quality controls of the materials, increasing the total quantity of the production and process of reuse of the materials [24] . The state of art of building construction is the concrete based frame structure which is not suitable for this governmental policy. Even though the widespread application of CLT as an energy saving material would meet unexpected issues in China, the potential for and interest in the development of CLT has grown significantly over the past decades. Buildings with CLT structures have been produced in some factories and have been adopted in several demonstration projects. Following these demonstration projects, the MOHURD proposed a series of improvements to promote the development of CLT at a national level. In 2017, MOHURD revised the regulations for timber structure buildings (GB/T 51226-2017). The regulations remove the restriction that timber buildings could only be built up to three stories high, which previous limited the application of CLT buildings in China. The revision of this regulation shows the favorable government attitude towards the development of timber buildings in China.
Study Objective
Due to limited research into the applications of CLT in China, the energy saving potential of the CLT system is not well understood. This research evaluates the energy performance of a reference office building with CLT system and compares the operational energy consumption of the CLT office building with a concrete structure. The evaluations and comparisons mainly focus on the operational heating energy use and the cooling energy use in five different climatic regions in China.
Simulation Environment and Studied Buildings

Climate Zones in China
According to the Code for Design of Civil Buildings (GB 50352-2005), there are five different climate zones in China, namely the Severe Cold Region, Cold Region, Hot-Summer Cold-Winter Region, Hot-Summer Warm-Winter Region, and Temperate Region. The standard also provides for further categorization into A, B, C, and D sub-regions according to the specific geographical location. Buildings in different climate zones have to follow the local regulations which define the structural criteria, the insulation properties for opaque walls floors and roofs, and the thermal and optical performance of windows and skylights. In order to evaluate the energy saving comparison between RC and CLT buildings, five major cities in China are selected as the building simulation environment, each located in different climate zones (Figure 2 ). The basic climatic data for these cities is presented in Table 1 . 
Details of Reinforced Concrete Buildings
For this exercise, an actual office building that has already been constructed in Harbin is selected as the case study building. In order to reflect the actual situation in each climate zone, the structure of the original building is redesigned as necessary to meet the local building regulations. The RC structure designs strictly follow the local Code for Seismic Design of Buildings (GB50011-2010). However, the load-bearing structure and functional organization of the building remains unchanged.
The original building has a total floor area 27529.67 m 2 and is a 15-story office building designed for government use as an office. Figure 3 presents the floor plans of the building. It is mainly made up of offices, meeting rooms and related auxiliary space. The total height of the building is 67.8 m and the standard height of each story is 4.2 m. The building has a RC framed structure, RC slabs (full weight) and brick infill walls. An example of the RC external wall, roof and window design details in Beijing are resented in Tables 2-4. Figure 4 illustrates the design of the external envelope for the five studied cities. 
Details of the CLT Building
CLT construction is still not widespread in China and there are no local design standards available that can be adopted for timber office building design. Therefore, this study applies the Eurocode 5 and relevant documents [52, 53] for the CLT structure design. According to the references above, 3-layer CLT panels with the total thickness of 150 mm and 5-layer CLT panels with the total thickness of 180 mm are used for external wall design and roof design respectively. The width and length of a single panel are set to be 1200 and 18,000 mm, which satisfies the current construction module in China. When compared with the RC building, the basic dimensions of the CLT building, such as floor height, building orientation, ground areas and major functions, are the same as for the reference concrete buildings. However, the load-bearing structure and external envelope are redesigned to meet the building regulations of the different climate zones. The related design parameters for the CLT buildings in the five studied cities are presented in Tables 5-7 and Figure 5 . 
Methodologies
Study Scope
In relation to the building Life-Cycle Assessment (LCA) method, the building energy consumption is divided into three phases which are the materialization phase, the operation phase, and the end of life phase (Figure 6 ). Existing references indicate that the ratio of energy consumption between the three stages is of the order of 20%, 65%, 15% [54] [55] [56] . It is clear that building energy consumption during the operation phase is the dominant component. In this phase, energy consumption includes lighting, space cooling, space heating, ventilation, appliances, and water heating.
This simulation is focused on the building energy consumed during the operation phase. This energy can be further divided into six categories, namely lighting, space heating, space cooling, ventilation, appliance and water heating. It should be emphasized that the energy required for space heating and space cooling is directly related to the building structure and materials, while the energy used for water heating, appliances and lighting is related to the behavior and habits of the building users. 
Integrated Environmental Solution (IES)-Virtual Environment (VE) Simulation of the Operation Stage
This study simulates the building energy consumption during the operation stage using the commercial software IES (Integrated Environmental Solution)-VE. This software allows the user to establish building models with different construction materials and set up the basic environmental simulation parameters. The simulation steps can be divided into two parts which are modeling building and parameter setup.
Modeling Building
In this study, the initial architectural model is established by using software Sketch Up 10.0, and then imported to IES platform. The basic building information such as environmental conditions, enclosure structures, and architectural dimensions of case study buildings have already been presented in Sections 2 and 3. The established model in IES software platform is presented in Figure 7 . 
Parameters Setup
All the parameters setup in the simulation strictly follow the specification Design Standard for Energy Efficiency of Public Buildings (GB 50015), which is issued by the Ministry of Housing and Urban-Rural Development of China. The simulation parameters for the internal gains are tabulated in Table 8 . As mentioned above, six categories of energy on operation phase, namely lighting, space heating, space cooling, ventilation, appliance and water heating are simulated. (1) Lighting The lighting power density is set to be 2-9 W/m 2 according to the different user demand. The calculation time and lighting hourly rate are tabulated in Table 9 . Table 9 . Calculation time (h) and lighting hourly rate (%). According to the local regulations in China, the indoor temperature is assumed to be controlled between 20 and 26 • C. The cooling and heating systems are operated automatically when the temperature is not in this range. The energy consumption on holidays is not taken into the consideration. In the Severe Cold Region and Cold Region, the minimum indoor temperature is set to be not lower than 5 • C on winter holidays to prevent the water pipes from freezing. Taking Beijing as an example, the simulation parameters of space cooling and space heating conditions are tabulated in Tables 10 and 11 . (3) Ventilation Both mechanical ventilation and infiltration are considered in the simulation. The mechanical ventilation operation time is set to be from 07:00-18:00; and infiltration occurs over 24 hours. The mechanical ventilation rate is 5 ach/h and infiltration rate is set at 0.25 ach/h. Taking Beijing as an example, the simulation parameters of ventilation are tabulated in Table 12 . 
Appliances The lighting power density is set to be 15 W/m 2 . The calculation time and lighting hourly rate are tabulated in Table 13 . Table 13 . Calculate time and appliance hourly rate (%). In the office buildings, the water consumption quota is set to be 10 L for each person every working day. The water heating energy consumption in holidays is not taken into consideration.
Results and Analysis
The comparative energy consumption simulation for the RC and CLT office buildings in the five climate zones are presented in Tables 14 and 15 . The results indicate that in the Severe Cold Region, the Cold Region and the Hot-Summer Cold-Winter Region, the energy use of the RC framed buildings is approximately 2-4% more than that of the CLT buildings during the operation phase, while in the Temperate and the Hot Summer Warm Winter regions, the energy use for the two structures is similar. The results from Table 15 indicate that the CLT system consumes much less heating energy than the RC buildings in any climate zone. It shows that CLT as an innovative building material has great potential for reducing heating energy. On the contrary, CLT system consumes more energy for cooling than for RC buildings. This result indicates that overheating may occur in CLT buildings due to the lower U values and thermal mass.
The results show that the average office building energy consumption increased gradually from South to North in China. The average energy consumption in Severe Cold Region is 201.59 KWh/m 2 , which is about 200% more than that in Temperate Regions. In the Severer Cold Region and Cold Region, heating energy, which account for approximately 36.8% and 24.5% of the total energy consumption respectively, is the major energy consumption. 
Discussions
Adaptability of CLT System
The results of the simulation clearly show that the CLT system has great potential for the reduction of heating energy, which indicates that timber is an ideal building material for regions with considerable heating requirements. Previous research has found that space heating energy accounts for approximately 30% to 40% of total energy consumption in North China [61] . When taking the total amount of energy consumption into consideration, buildings in the Severe Cold, Cold, and Hot-Summer Cold-Winter regions consumed more heating energy than those in other regions. However, in the Hot Summer Warm Winter region and the Temperate region, the energy consumption of the CLT system is nearly identical to that of the building with a RC structures. Policy makers in China could reduce office building energy requirements by encouraging the application of the CLT system in the Cold, Severe Cold, and Hot Summer Cold Winter regions.
The results also indicate that the CLT system may cause overheating in comparison with RC structures. This would mean that CLT buildings would require additional cooling energy in the summer. Previous research has also highlighted that some bio-based materials such as wood may cause overheating due to their lower values of thermal mass [47] [48] [49] 62] . Thermal mass is a property of the mass of a building which enables it to store heat, providing inertia against temperature fluctuations. Higher amounts of thermal mass at the inner side of the thermal insulation appear to be beneficial with regard to improving thermal comfort [63, 64] . Hence, from an energy conservation viewpoint, CLT may not be such a good alternative building material for regions without considerable heating requirements, but this aspect should be verified by further studies.
Economic Benefits
The initial investment on construction of the CLT buildings may be a crucial factor that affects the development and adoption of this material. In comparison with conventional building materials, the initial cost of CLT system may not be an obstacle. Existing data from the US and Europe demonstrates that the initial construction cost of 10 to 18 story CLT buildings is approximately the same as that of conventional buildings built in concrete, bricks and steel. Sellen showed that in the Pacific Northwest, the cost of a CLT design option can be as cost-effective as reinforced concrete. The costs of a 26-meter-high CLT building (8 story) and 38-meter-high CLT building (14 story) are approximately 32.5 US dollars and 31 US dollars per square foot, which is slightly higher than the cost of the same buildings in RC [65] . Mahlum Architects et al. also indicated that the use of CLT as the construction material for a 10-story building may result in a slightly lower cost than the concrete alternative (4%) [66] . Pei et al. highlighted that equivalent or better performance than current code and existing concrete and steel structures is expected from tall CLT buildings. The cost of tall CLT buildings is comparable or less expensive than concrete and steel options in the US [66] . Tall residential buildings are often believed to be high energy consumers, mainly due to the large amount of materials required for the structure during construction [9] . However, the total energy consumed by the building during its lifespan is not limited to the amount of material used, but also includes the energy consumed during the operational stage. This simulation uses 150 mm thick CLT panels for the external walls, which satisfies the local energy saving codes. That means that the CLT external walls are 50 mm thinner than the RC walls. This additional interior floor area is attractive to developers and is another positive factor to encourage the development of CLT system.
Embodied Energy of CLT
As illustrated in Figure 6 , in this paper, the evaluation of energy saving effects of the CLT systems on the manufacture phase and end-of-life phase are not included. However, according to the existing references, if taking the embodied energy on the manufacture phase and end-of-life phase into consideration, wood may save much more energy than those of conventional building materials. Borjesson et al. highlighted that compared to wood construction, RC framed buildings consume approximately 80% more energy on the building material production stages and release about 100-200% more net GHG emissions [67] . Gong et al. made simulations and pointed out that concrete frames consume approximately 30% more energy than timber frames in Beijing, China [68] . Darby et al. demonstrated that a CLT solution for a multi-story residential building, in comparison with a conventional RC solution, may result in approximately 60.6% carbon reductions in view of all building life span [69] . As a building material, CLT is more energy efficient than conventional building constructions in view of life cycle assessment.
Future Development
The Chinese government has put forward a series of policies to encourage the development of timber buildings. In 2017, the Ministry of Housing and Urban-Rural Development of China (MOHURD) issued a new building code (GB/T 51226-2017), which extended the height of timber buildings from 3 floors to 56 meters or no more than 18 stories in non-seismic regions. Action Plan for Promoting the Production and Application of Green Building Materials, which was promulgated by Ministry of Industry and Information Technology of China in 2017, clearly presented the policies of developing wood-structure buildings. Furthermore, the increasing rate of forest cover is the solid fundamentals for wood industry. Due to the unremitting efforts, in 2018, the forest coverage percentage is 21.66% in China and this figure is expected to be 26% in 2035. It can be expected that the timber buildings in China will expand rapidly over the next few decades.
Conclusions
This paper compares the CLT system for office buildings to similar buildings with RC structures in order to study the energy saving potential for China's five different climate zones. The simulation method, IES analysis, is an effective approach to analyze energy consumption related to office buildings. The simulation makes it possible to evaluate embodied energy on operation phase of buildings and to examine the contribution of different types of energy consumption. Based on the simulation results, the following conclusions can be drawn:
1.
In terms of embodied energy and embodied GHG, CLT has been observed to be better than conventional materials. The CLT system is more energy efficient in winter with reduced heating energy requirements in comparison with RC structures. Overall, the calculated heating energy saving ratio for Harbin, Beijing, Shanghai and Kunming is 11.97%, 22.11%, 30.94%, and 23.30% respectively. Furthermore, more energy could be saved by increasing the thickness of the CLT panels. 2.
In comparison with those conventional materials, such as reinforced concrete, brick and steel, CLT has been proved to be a good candidate as alternative material for construction. In view of the potential for the reduction of heating energy requirements by using the CLT system, it is recommended that policy makers encourage the application of CLT in the construction industry in the Severe Cold Region and Cold Regions in China.
3.
Inversely, in terms of thermal mass and thermal comfort in the summer, CLT is found to be less attractive than concrete. The CLT system also increases the cooling energy requirements in summer, with an increased possibility of the occurrence of overheating in CLT office buildings. As a result, CLT may not be such a good alternative building material for regions, namely the Temperate Region and Hot-Summer Warm-Winter Region without considerable heating requirements.
